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Abstract

The first results of a study into the microbiomes of benthic invertebrates found in sites with seeps (containing methane, oil, or
a combination of methane and mud) and an underwater low-temperature vent of Lake Baikal are presented. Microorganisms
were detected in the intestine of an oligochaete from the cold methane seep using microscopy. Analysis of 16S rRNA gene
libraries revealed that the highest diversity of microorganisms was found in the nematode microbiomes where the members
of 11 phyla were identified. Some of the detected prokaryotes are methanogens, nitrifiers, and nitrogen fixators, while some
are involved in the sulfur cycle. Methanotrophs were detected in the microbiomes of oligochaetes and chironomids. The
microbiomes of nematodes, chironomids, and bathynellids are composed of members of the Bacteroidetes and Firmicutes
phyla, which are related to the symbiotic bacteria found in insects and animals from other ecotopes. Microorganisms typi-
cally found in the water and sediments of Lake Baikal were also detected in the invertebrates microbiomes.

Introduction

Hydrothermal vents and cold seeps are unique structures at
the bottom of seas and oceans. Animals accumulate around
these features to use the chemical compounds present
there as energy sources [1]. Most animals from these eco-
topes have symbionts that produce organic substances and
enzymes [2], while the host provides them with access to the
reduced elements (H,, H,S, CH,, O,, and CO,). Presumably,
in some ecosystems, the role of symbiotic microorganisms
is more significant than that of ones that live independently
[3]. Bacteria that use the energy from oxidation of sulfur-
containing inorganic compounds for autotrophic growth are
most often involved in the symbiosis with marine animals
and serve as a main food source [4]. There are also sulfur-
oxidizing bacteria capable of fixing carbon and providing the
host with amino acids and co-factors of protein biosynthesis
[5]. Symbiosis with methanotrophic bacteria is less com-
mon. This symbiotic relationship has been detected in Mol-
lusca, Porifera, and Annelida, and it enables animals from
these phyla to live indirectly from methane [2]. There is little
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data on the symbiosis of benthic invertebrates with microor-
ganisms that use nitrogen compounds as an energy source,
or for growth. Microbes involved in nitrification, denitrifi-
cation, and anaerobic ammonium oxidation (ANAMMOX)
were reported in sponges and corals [6]. Subcuticular symbi-
otic bacteria co-evolving with Ophiactis balli ophiuroids and
having a common nitrogen metabolism were also reported
[7].

Less is known about the interactions of microorganisms
in freshwater ecosystems than in marine ones. The micro-
biome affects the method of reproduction in snails [8]. It is
known about the chemoautotroph-animal symbiosis between
the freshwater cave and amphipod single phylotype of bacte-
ria in the sulfur-oxidizing clade Thiothrix [9]. No symbiont
methanotrophs were detected in animals from freshwater
ecosystems, although some researchers suggest their pres-
ence in water bodies with high methane concentrations [2].
To date, only the presence of methanol-oxidizing endosym-
bionts has been proven in freshwater crustaceans [10].

In recent decades, numerous hydrate-bearing structures
seeping mineralized gaseous fluids with various elemental
compositions have been detected at the bottom of Lake Baikal.
The sediments of such areas were found to have elevated con-
centrations of methane, sulfate ions, and trace elements [11], as
well as a high density of benthic invertebrates and fish [12, 13].
The methane concentrations in the sediments of the freshwater
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seeps from Lake Baikal were an order of magnitude higher
than those in marine sediments inhabited by methanotrophic
symbionts. Values of §'°C show that the upper trophic levels
of the benthic community found in the mud volcano (South
Baikal) are rooted in methanotroph production [14]. According
to the data on the ratio of stable carbon isotopes in tissues of
benthic animals, biological productivity in these areas of Lake
Baikal is maintained by both photosynthesis and chemosynthe-
sis, as well as by methanotrophy [12]. The results of isotopic
investigations of nitrogen in animal tissues revealed an active
role of microbial symbionts involved in the cycling of this
element [15]. The key role of nitrogen for energy production
was also discussed in a metagenomics analysis of genomes of
microbial communities in the near-bottom area of the bathy-
pelagic zone of the lake [16]. The pathways through which
methane and other compounds are included in food webs of
benthic organisms in the deep zone of Lake Baikal remain
poorly understood. Several studies indicated the presence of
bacteria in benthic animals, and discussed their symbiotic, or
symbiotrophic, relationships. Microscopy detected bacteria of
the genus Cristispira (Spirochaetes) on the crystalline style of
molluscs [17]. Bacteria that are likely ectosymbionts have been
detected on the shell and egg masses of limpets in Frolikha
Bay [13]. During the under-ice period, the water column had a
high abundance of Baikal crustaceans, Epischura baicalensis,
whose stomachs, according to the in situ hybridization, con-
tained archaea [18]. Archaea can also be methane-producing
symbionts, and a high concentration of methane was registered
in the zone containing the Epischura baicalensis habitat.

In recent years, the presence of epibiotic consortia-con-
taining protozoa and bacteria has been recorded on the sur-
face of the bodies of Baikal-endemic amphipods [19]. The
gut microflora of the animals is also not well understood,
their metabolic processes and relationships in areas with
elevated methane concentrations and other reduced com-
pounds in Lake Baikal are not known.

Our studies aimed to (a) investigate, using microscopy
and molecular methods, microorganisms associated with
dominant benthic invertebrates that inhabit sediments of
Lake Baikal. Specifically, the composition and localization
of microorganisms at sites with that there is discharge of
gaseous mineralized fluids were investigated and (b) assess
possible symbioses in these ecotopes, taking into account
geochemical conditions.

Materials and Methods
Study Objects
The sediment samples containing benthic organisms were

taken during fieldworks onboard the RV “G.Yu. Veresh-
chagin” from 2014 to 2017 in different areas of Lake Baikal

(Table S1, Fig. 1). The animals were sampled for analysis
(Table S1). Then the animals were washed several times
with sterile water immediately after sampling and examined
under an MBS-10 binocular (Russia) and an Olympus CX-2
microscope (Japan) to identify epibionts (ciliates and micro-
bial films) on the skin.

Transmission Electron Microscopy (TEM)

The samples were fixed with 2.5% glutaraldehyde solution
in 0.1 M cacodylate buffer added by 2 mM MgCl,. Fixation
was carried out for two hours at 4 °C; postfixation—with
1% 0s0, in 0.1 M cacodylate buffer overnight. The samples
were dehydrated in ethanol (30%, 50% 70%, 95%, and 100%)
and acetone solutions. After that, it was poured into Araldite
502 Kit resin according to the manufacturer’s instructions.
The polymerized blocks were cut using an Ultracut R ultra-
microtome (Leica, Germany) with a thickness of 40—70 nm;
the slices were stained with lead citrate solution. Microscopy
of the preparations was carried out on a LEO 906E transmis-
sion microscope (Zeiss, Germany).

Light Microscopy

The samples were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer overnight at 4 °C. Then, the samples were
rinsed and dehydrated in ethanol (30%, 50%, 70%, 95%, and
100%). After that, the samples were placed in the solution of
absolute ethanol and xylene (1:1) for one—two hours, then—
in xylene for two—four hours. Next, the samples were placed
in a xylene—paraffin solution (1:1) and left in an incubator
overnight at 37 °C. After that, the samples were transferred
to molten paraffin at 60 °C and left for three hours. Next, the
samples were poured into paraffin blocks and cut 6—8 um
thick slices using a sledge microtome (KhZMA, Ukraine).
To identify microorganisms in tissues, the slices underwent
Gram staining. The slices were visualized on an Axio Imager
M1light microscope (Zeiss, Germany).

Extraction of Total DNA and Amplification

Total DNA was extracted by a modified enzymatic lysis
method followed by phenol-chloroform extraction. Frag-
ments of the 16S rRNA gene from the total DNA of benthic
animals were amplified using standard bacterial 27F:5'-AGA
GTTTGATCCTGGCTCAG, 1350R:5-GACGGGCGGTGT
GTACAAG, and archaeal, 21F:5-CCCGGTTGATCCYGC
CRG, 958R:5'-YCCGGCGTTGAMTCCAATT primers [20,
21]. Polymerase chain reaction (PCR) was carried out using
AmpliSens kits (Central Research Institute of Epidemiol-
ogy of the Federal Service on Customers’ Rights Protection
and Human Well-being Surveillance, Russia) according to
the manufacturer’s instructions. The resulting PCR products
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Fig. 1 Sampling sites at Lake Baikal. Site 1: Posolsk Bank (52.03°N, 105.84°E); Site 2: Gorevoy Utes (53.30°N, 108.39°E); Site 3: Frolikha
Vent (55.52°N, 109.78°E); Site 4: Kukui Canyon (52.59°N, 106.77°E); Site 5: Begul (52.73°N, 106.59°E)

were ligated and cloned using a GeneJET" PCR Cloning
Kit (Fermentas, Lithuania) according to the manufacturer’s
instructions. Nucleotide sequences of the insertions were
determined for 271 independent clones.

Denaturing Gradient Gel Electrophoresis (DGGE)

Fragments of the 16S rRNA gene from the total DNA of
benthic animals were amplified using standard bacterial

@ Springer

primers, 40-bp GCclamp-341F:5'-CCTACGGGAGGC
AGCAG and 907R:5-CCGTCAATTCCTTTRAGTTT [22].
PCR amplification products were applied directly to 8% (in
volume) polyacrylamide gel with a 40-70% concentration
gradient of acrylamide in 0.5xTAE buffer solution accord-
ing to the instructions of the manufacturer of the DCode
device (Bio-Rad, USA). Electrophoresis was carried out at
a constant voltage of 70 V and temperature of 60 °C during
1617 h. After staining with ethidium bromide, individual
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bands were cut out and eluted in 20 pl of sterile water. Using
eluted DNA as a matrix, PCR was carried out with the same
primers without GC-end.

Sequencing

The Sanger sequencing was carried out using the BigDye
Terminator Kit v.3.1 reagent on an ABI 3130XL Genetic
Analyzer (Applied Biosystems, USA) in SB RAS Genomics
Core Facility (Institute of Chemical Biology and Fundamen-
tal Medicine Siberian Branch of the Russian Academy of
Sciences, Novosibirsk).

Phylogenetic Analysis

The resulting sequences were compared with the sequences
from the international NCBI database using the BLASTN
program (http://www.ncbi.nlm.nih.gov/blast). Identical
sequences were grouped into operational taxonomic units
(OTUs). The presence of chimeras was determined through
the sequence analysis using the PINTAIL program (http://
www.cardiff.ac.uk/biosi/research/biosoft). The structures
were analyzed using the ClustalW1 program (http:/www.
ebi.ac.uk/clustalw). Comparison of sequences and construc-
tion of phylogenetic trees were carried out using the MEGA6
software and the neighbor-joining algorithm. Statistical sig-
nificance of branching was evaluated by bootstrapping.

The sequences were deposited in GenBank under acces-
sion Nos MN227537-MN227539, MN235838-MN235841,
MN240819-MN240833, MN241248-MN241252,
MN240877-MN240880, MN448346-MN448358,
MN647049-MN647061, MN822696-MN822698,
MN453528, MN453529, and MN865594.

Results
Microscopy

Examination of the studied animals under the light micro-
scope did not reveal epibiotic consortia of protozoa and
bacteria on the skin of all animal samples. Following stain-
ing with methyl violet and fuchsin, gram-positive micro-
organisms were only detected in the intestinal region of
oligochaetes from the site with methane seep (Fig. 2). The
cells stained a dark blue color had the form of coccobacilli
with dimensions of ~2.5X 1.8 um (n=10). Most studied
oligochaetes had empty intestines, which is most likely due
to the effect of stress after moving the animals from great
depths (330-1169 m).

Analysis of ultrathin slices (18 samples) using TEM
confirmed the presence of bacterial cells in tissues of oli-
gochaetes. Figure 3a shows the cells with dimensions of

Fig.2 Slice of an oligochaete (Site 1). Light microscopy. a Rectangle
marks a fragment of the accumulation of bacterial cells in the tissue
b a magnified fragment indicated in the photo, arrows show the accu-
mulations of Gram-positive microorganisms

0.62 um (n=_8). There was a vacuolization of cells, which
was especially evident in muscle tissues. It is most likely
caused by the stresses that animals experience when they
ascend from great depths to the water surface.

Analysis of ultrathin slices of nematodes indicated the
presence of single cells located in cuticle tissues (Fig. 3b),
whose dimensions did not exceed 200 nm.

Molecular Biological Analysis

Analysis of 16S rRNA gene libraries resulted in obtaining
the sequences of 11 bacterial and 2 archaeal phyla (Table S1,
Fig. 4A). All studied animals had members of the class
Gammaproteobacteria (Fig. 5). The nematode microbiomes
contained the highest number of phyla (11), and bathynellids
contained the lowest. Analysis of the sequences indicated
one common OTU in the microbiomes of nematodes and
oligochaetes (Sphingomonas sp.) as well as one in nema-
todes and chironomids (Dysgomonas sp.). In the oligochaete
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Fig. 3 a Ultrathin slice of an oligochaete (Site 1). Arrows show cells of putative microorganisms. b Ultrathin slice of a nematode (Site 1). The

arrow shows a putative microorganism in cuticle tissues

microbiomes from four sites, common members were at the
phylum level (Proteobacteria), whereas in the nematode
microbiomes, common members were at the class (Alp-
haproteobacteria, Deinococci, Gammaproteobacteria) and
genus (Acinetobacter sp.) levels.

Nematodes are among the most common benthic animals
in Lake Baikal. We analyzed nematode microbiomes from
two sites (1 and 2). Bacteria of the genus Acinetobacter
(Gammaproteobacteria) were commonly represented in the
nematode microbiomes. These bacteria comprised 22% of
the site 1 clone library, which may be due to the dominance
of this genus in the sediments of this area (16%) [23]. Single
sequences were identified in the site 2 clone library, where
members of Acinetobacter were also recorded. We did not
identify members of this genus in the microbiomes of other
studied animals.

We detected members of the phylum Deinococcus-
Thermus in nematode microbiomes from two sites. In Lake
Baikal, this phylum was previously detected in neuston
(LN736018), sediments adjacent to gas hydrates [23], near-
bottom deep layers, where an algicidal effect on the diatom
S. acus took place [24]. In sediments and nematodes from
both sites, the genus Deinococcus represented this phylum,
and in the nematode microbiome of Site 1, we detected the
sequence belonging to the genus Thermus.

The third common representative of the nematode micro-
biomes was bacteria of the genus Sphingomonas (Alphapro-
teobacteria). The members of this genus are widespread in
sediments and water of the lake, and are involved in bio-
degradation of complex organic compounds. However,

@ Springer

the species Sphingomonas melonis represents the closest
homologs for the Site 1 nematodes, which were isolated
from the soils (MT043729, MN177231) and water column
affected by the Gulf oil (MT515445). The species Sphingo-
monas echinoides represent the closest homologs for the Site
2 nematodes, which were detected in bacterial associates of
scale insects (MK462263) and silkworm litter (LC484826),
as well as in deep-sea sediments (MH725538).

In the Site 1 nematode microbiomes, we detected bacte-
rial sequences of the phyla Nitrospira and Acidobacteria,
which are present in the sediments of many Baikal sites [23,
25]. The former ones are nitrifiers, and the latter ones are
decomposers of biopolymers. The microbiomes of these
animals contained members of the species Rhodopseu-
domonas (Alphaproteobacteria), which are phototrophic
nitrogen fixators; however, their presence was not observed
in the lake sediments. Representatives of this genus were
found in the posterior intestinal tract of the polychaete
Neanthes glandicincta (F]618865), though its contribution
is not known. Moreover, the Site 1 nematode microbiomes
had the members of the genera Variovorax and Pelomonas
(Betaproteobacteria), which were not previously detected
in the sediments of this site. In Lake Baikal, bacteria of the
genus Variovorax were identified in the communities asso-
ciated with the colorless sulfur bacteria (HQ400611). Their
physiological and biochemical properties suggest involve-
ment in the sulfur and nitrogen cycle.

The bacterial sequences belonging to the phyla Bac-
teroidetes (Dysgomonas sp., 24%) and Actinobacteria
(18%), which are involved in the decomposition of organic



Microbial Communities Associated with Bentic Invertebrates of Lake Baikal

3025

Fig.4 a Neighbor-joining
phylogenetic analysis of 16S
rRNA gene sequences of
bacteria and archaea, associated
with oligohaetes (circle, number

241252 Uncultured Variovorax sp. .
733 Uncultured bacterium clone

MN
96T Eug00
KF84405
HMO069092 Unc bacterium clone
MN448358 Uncultured baclerium@
9% JF135639 Unc bacterium clone
%10676419 Uncultured gamma proteobactes
7L MN448357 Uncultured bacterium
'95' HQ003534 Uncultured Chromatiaceae bac
100,

8 Variovorax paradoxus

]B-Proteobacteria
\

t
MN235840 Uncultured bacteriun{1)
5" 8Q487955 Unc bact G10-40

inside means site), chironomids
(triangle), batinellids (black cir-
cle), and their closest relatives.
b Neighbor-joining phyloge-

e

100 MN241251 uncultured Moraxella sp.
JIN713179 Moraxella
KF720709 Thiothrix unzii
MN240877 Uncultured Thiothrix sp.(2)
AB042540 Thiothrix eikelboomii,
IN453529 Uncultured bacterium
GU572365 Uncultured Methylococcales bacterium

I .
KF365316 Unc bact y-Proteobacteria

sp.

. N AF131868 Methylobacter sp. 4
AF152597 Methylobactt -hrophil
netic analysis of 16S rRNA 00 AT EQE’ %Vgoggafngr%rgggc;’#ssubt?r@n3%51 i Firmicutes
gene sequences of bacteria and IMN227538 Uncultured Thermasrobacter sp.

r

archaea, associated with nema-
todes (square, number inside
means site) and their closest
relatives

101

EUB01583 U
MN240880
LN867225 Phyllob:

95

0-TKC189728 Unc bact
MN235839 Uncultured bacteriul
AY203783 Unc type Il methanotroph

nc ba
Uncultured Phyllobacterium sp.

JX570596 Endosymbiont of Ridgeia pisceae clone
KP171664 Bacterium associaéedzvith Parathyasira sp.

tex
MN235841 Unc Planctom) cetes@terium@
FJ236055 Uncultured Planctomyces sp. Planctomycetes

ac{%um mxrsinacearum L a-Proteobacteria
MN241248 Uncultured Bradyrhizobium sp.
LC218372 Bradyrhizobium sp.

MN227539 Uncultured Sphingomonas sp\
JF733116 Uncultured Sphingomonadales bac

2.
IN240878 Ui
FJ6188

Sphingomonas echinoides
ncultured Xantomonadales bacteriu
65 Uncultured bacterium

y-Proteobacteria

72 Unc Acidimicrobineae bacterium

AY115530 Thioploca
100| L40998 Thiof i

F452892 ﬂ
hioploca

FJ827873 Unc act terium clon
JX101684 Candidatus B
MN448356 Uncultured Blastococcus sp@
1001 KM507603 Blastococcus sp.

loca ingrica,
ioploca sp. 'Lake Biwa

one
lastococcus massiliensis

:| Actinobacteria

sp. Lake Constance X
y- Proteobacteria

sp._'Lake Ogawara

Jncultured Thioploca s
L bacterium ®

MN448348 Uncult
MN4483!

98 KT361111

ured bacteriu

IN44835: acteril
JN653032 Uncultured Lachnospiracﬁae bacterium Firmicutes

53 Uncultured bacterium,

Anaerovo@f( %640329 Cardinit d biont of P thrips kell
ardinium endosymbiont of Pezothrips kellyanus
90— ""\{1057614 Uncuitured Candidatus Cardinium sp.

cf. magl i@

1MN241250 Cardinium endosymbiont of P
100N AR Sae LCteroidetes bactoriumgy,

76

uneatus

X99501 Desulfovibrio c
— MN448354 Unc Desulfovibrio sp. A\
100 X99504 Desulfovibrio litoralis

L NR_13%388 Dysgonomonas alginatilytica i
gg MN241249 Uncultured Bacteroidetes bacterium. Bacteroidetes
NR 044568 Solitalea koreensis
KM272750 Mucinivorans hirudinis
EU616637 Uncultured Rikenellaceae bacterium,
MN448349 Uncultured Rikenella sp. A\
] 100 LN828857 Uncultured Rikenella sp.

0- Proteobacteria

98, MNB65594 uncultured archaeon (1)
KP866360 Unc thaumarchaeote

92

0.1

substances, dominated the clone library of the Site 2 nema-
todes. Bacteria of the genus Dysgomonas were not previ-
ously identified in the ecosystem of the lake and the closest
homolog is the alginate-degrading bacteria, Dysgonomonas
alginatilytica sp. nov. NR137388). Actinobacteria are wide-
spread, and in the sediments of this site, they comprised a
third of the entire microbial community [25].

The Site 2 nematode microbiomes showed the sequences
typical of the representatives of oligotrophic ecosystems:
bacteria of the species Caulobacter (Alphaproteobacteria)
and Limnohabitans (Betaproteobacteria). Prostecobacteria
were often detected in the water column and sediments of the
lake [25, 26]. The closest homolog for these bacteria was iso-
lated from epidermal mucus layers of stingrays (KP713643).
The presence of bacteria of the genus Limnohabitans was
recorded in neuston and photic layers of Lake Baikal [16,
27, 28]. Bacteria of this genus have high rates of growth
and assimilation of organic matter, and, being a food source
for protists, they are an important link in the carbon flow to
the upper trophic layers [29]. Furthermore, the microbiomes
of these nematodes had bacteria of the phylum Firmicutes
(15%), as well as cyanobacteria of the genus Synechococcus.
While the latter dominate in Lake Baikal in summer and are

JF980355 Unc archaeon
100 U87520 Unidentified archaeon Thaumarchaeota
70 MN235838 Uncultured archacon (D)

HE796545 Unc archaeon

found in all seasons in the photic zone [30], they formed
only a minor proportion of the bacteria in the sediments of
this site. Firmicutes of the genera Clostridium sp. and Fine-
goldia sp. were also detected in the sediments of this site.
The clostridial sequences from nematodes were close to the
bacterial sequences from the digestive tract of chironomids
(LN828873). Site 2 nematode microbiomes also contained
hydrogenotrophic methanogenic archaea of the phylum Eur-
yarchaeota (class Methanomicrobia), which were previously
detected in the sediments of this site (SRP052288). Oli-
gochaetes are the second group with a high population den-
sity at the discharge sites. The taxonomic composition dif-
fered between the oligochaete microbiomes from four sites.
In the Site 1 oligochaete microbiome, we identified mem-
bers of Alphaproteobacteria (Methylocystaceae). The closest
homologs are involved in the methane oxidation (AY203783,
AB930623). In the phylogenetic tree, these sequences form a
separate cluster (Fig. 4) within Alphaproteobacteria as they
show a low similarity with cultured homologs (91%), and
high similarity with uncultured ones (97-99%). Representa-
tives of the family Methylocystaceae were often detected
in the communities of the bottom sediments from different
sites of Lake Baikal [25]. The oligochaete microbiome of
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Fig.4 (continued)
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Site 1 also had Planctomycetes, whose closest homologs
are involved in nitrogen metabolism, and Thaumarchaeota
that are involved in aerobic ammonium oxidation. In the
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deep zone of the water column, the members of these taxa
were up to 10 and 20% of the total 16S rRNA reads, respec-
tively (according to metagenome-assembled genomes) [16],
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Fig.5 Microorganisms separation into symbionts and food source, according to their occurrence in the sediments and water column of the lake,

as well as by analysis of the 16STRNA gene homologs

and in the surface sedimentary layer of this site, formed 2
and 40%, respectively [23]. Some Thaumarchaea contain
the genes to synthesize methylphosphonate, a precursor of
methane production in the ocean [31]. In general, the closest
Thaumarchaeota homologs from sediments and oligochaetes
coincide.

In the total DNA of the Site 2 oligochaete, there were
sequences of Gammaproteobacteria identical to the
sequences of bacteria from the gastrointestinal tract of the
Neanthes glandicinta polychaeta (FJ618865, FI618883).
Moreover, in the oligochaete microbiome, we identified the
sequences showing similarity (97%) with colorless sulfur
bacteria of the genus Thiothrix (Gammaproteobacteria). The
sequences of the 16S rRNA gene of the previously identi-
fied Thiothrix members differ from each other in the ostra-
cod microbiome from the lake and hot spring (DQ780007,
MN602536 and MN602537), which indicate their belonging
to different species. Previously, another genus of colorless
sulfur bacteria, Thioploca, was recorded at this site [32].

In the Site 3 oligochaete microbiome, there were mem-
bers of the family Comamonadaceae (Betaproteobacte-
ria) and the genus Thioploca (Gammaproteobacteria) and
Actinobacteria. During the dives of the deep-sea manned

submersibles at this site, bacterial mats were described
[12]. In the microbial community of the sediments at this
site, 44% of the sequences belonged to the phylum Act-
inobacteria, while Betaproteobacteria comprised only 2%
and had members of other orders (Rhodocyclaceae and
Methylophilaceae).

In the total DNA of an oligochaete (Site 5), we identified
the sequences of the bacteria of the genus Sphingomonas,
whose closest homologs were recorded in the gender-spe-
cific bacterial composition of black flies (JF733344). Bac-
teria of the genus Sphingomonas are found in ecotopes with
low nutrient concentrations; they can biodegrade toxic sub-
stances and pollutants. In the sediments of Lake Baikal, this
genus was not previously recorded, although bacteria of the
family Sphingomonadaceae were detected. The microbiome
of the same oligochaete showed thermophilic bacteria of
the genus Thermaerobacter (Firmicutes), whose the pres-
ence was previously recorded in the sediments of the Posolsk
Bank methane seep (KY492688).

In the microbial community of the Site 3 chironomids, we
revealed the sequences of Gamma- and Deltaproteobacteria
that differ in structure from those in microbiomes of other
animals. Thus, the order Methylococcales represented the
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Gammaproteobacteria class and was present both whose the
presence was recorded both in the bottom sediments and
water column of Lake Baikal [25]. The closest homologs
of methanotrophs from chironomids were found in the eco-
topes rich in Fe and/or Mn (GU572365, AB722196). The
Methylococcales episymbionts expressed the soxBXY and
sqr genes implying that they can also oxidize reduced sulfur
compounds [33].

We observed members of the genus Desulfovibrio (Del-
taproteobacteria) only in the chironomid microbiome, but
their presence was also indicated by immunofluorescence
in the sediments of Northern Baikal [12]. A quarter of the
sequences from the chironomid clone library belongs to the
phylum Bacteroidetes. The closest homologs were isolated
from the digestive tract of medicinal leeches (EU616637)
and chironomids (mineral Lake Chany, Novosibirsk Region,
LN828857). The closest cultured homolog (97%), the
Mucinivorans hirudinis anaerobe (KM272750), is a mucin-
degrading bacterium from the digestive tract of medicinal
leeches. The cultured members of the family Rikenellaceae
were isolated from the digestive tract of animal feces and
are anaerobes and mesophiles that function to split carbohy-
drates and proteins. It was suggested [34] that the members
of this family are specialized in symbiosis and can colonize
the digestive organs in a wide spectrum of animals, from
invertebrates to mammals, including humans. Furthermore,
a group of bacterial sequences belonging to the genus Dys-
gonomonas (Bacteroidetes) was identified in the chironomid
microbiome, different species of which were isolated from
the digestive tracts of termites (LC021528). In the chirono-
mid microbiome, we identified three OTUs of bacteria of
the phylum Firmicutes, which differed from those identified
in nematodes. They all belonged to the class Clostridia and
are mainly obligate spore-forming anaerobes. The closest
homologs were isolated from the posterior intestines of crabs
and beetle larvae (HG792226, FJ374230), and the diges-
tive tract of insects (JN653032) and fish (DQ816804). The
members of this phylum were consistently detected in small
amounts (less than 3.5%) in the water and sediments at dif-
ferent sites of Lake Baikal [25, 28].

Lake Baikal is the only open water body inhabited by
bathynellids, whose habitat extends from the wave splash
zone to the maximum depths. Their microbiomes (Site
4) indicated the sequences of bacteria of the genus Vari-
ovorax (Betaproteobacteria), whose closest homologs are
endophytic bacteria of the halophyte (KF844058). Moreo-
ver, the bathynellids microbiome contained members of the
genus Bradyrhizobium (Alphaproteobacteria), whose clos-
est homolog (LC218372) was isolated from the soil of the
rice rhizosphere during cultivation of lanthanum-dependent
methylotrophs. These microorganisms have cosmopolitan
distribution and are strict anaerobes. In the bathynellids
microbiome, we also identified the members of the families

@ Springer

Sphingobacteriaceae and Amoebophilaceae (Bacteroidetes).
The closest homologs for the sequences of the former family
were recorded in natural samples with a wide temperature
range, for example, in the soils of greenhouses (NR_044568)
and the Antarctic (KY405905). The members of the latter
family belonged to the genus Cardinium (MH057615).
These are cytoplasmatic, symbiotic bacteria that are wide-
spread in terrestrial arthropods and regulate the development
and reproduction of their hosts [35]. They have not been
previously found in the sediments and water of the lake.

Discussion

In the studied sediments of Lake Baikal, which are confined
to the discharge zones of mineralized fluids saturated with
hydrocarbon gases, we recorded a wide spectrum of benthic
animals with different densities [36, 37]. In the ocean, the
animal biomass in oases of life is 2—5 orders of magnitude
higher than the biomass at reference sites, due to nutrition
availability [38]. There is the same pattern in Lake Baikal,
where a greater diversity of invertebrates is seen in the sedi-
ments where there is discharge of gas-containing mineral-
ized fluids of different compositions. The largest number
of nematode species was recorded near the Gorevoy Utes
oil and methane seep, at sites adjacent to oil seepages [32].
For the oligochaete species, their maximal densities were
observed in the underwater hot spring of the Frolikha Bay
[39].

Methane is involved in food webs of marine and freshwa-
ter ecosystems, both through symbionts [40, 41] and through
consumption of biomass by methane-oxidizing bacteria. As
observed in laboratory experiments, chironomid leeches and
the Daphnia planktonic crustaceans are particularly impor-
tant for these process [42, 43]. According to [37], the propor-
tion of assimilated methane carbon in some animals reached
89%, which indicates the consumption of methanotrophic
bacteria that are highly abundant in methane seep. In Lake
Baikal, abnormally low values of 5"3C (=52 +—62%0) are
observed in the tissues of different groups of benthic animals
in discharge sites indicating the involvement of methane
carbon in food chains [14, 33]. Light '3C signatures were
recorded for chironomides (=52 + — 62%o), oligochaetes
(—=62.5+4.7%o0), and flatworms (—63.9 + 1.0%0) and were
very variable in the tissues of sponges (—65 +—37.3%0) [15,
36]. Lighter 6'3C signatures (up to —75%0) were found in
tissues of gastropoda, amphipoda, and chironomidae from
the Frolikha vent (Site 3) [36]. High concentrations and rates
of methane oxidation, as well as a high density of chirono-
mids and other animals, were repeatedly recorded at this site
[25]. Here, type I methanotrophs were detected in the Site
3 chironomid microbiome. At Site 1, where oligochaetes
were dominant among all benthic animals, the sequences
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of type II methanotrophs were identified. Oligochaetes pass
soil, which is from 4 to 6 times heavier than the own weight,
through their digestive system, thus, contributing to oxygen
penetration into sediments, assimilation of microflora, and
intensive processes of mineralization of organic matter in
the lake. Previously, there was almost no mention about the
symbiosis of animals with type II methanotrophs, which can
be explained by their lower energy efficiency compared to
type I methanotrophs [44]. Furthermore, type II methano-
trophs develop in ecotopes with higher methane concentra-
tions and lower oxygen and nitrogen concentrations than
type I methanotrophs [45]. There is only one known case
of symbiotic type II methanotrophs inhabiting sphagnum
moss cells [46], whose biomass consists of 15% of methane
carbon, obtained from the activity of methane-oxidizing
bacteria.

We assume that the main route of methane carbon intro-
duction into Lake Baikal is through the consumption of
methane-oxidizing bacteria as food. By forming areas of
high biomass in microbial mats at sites with methane dis-
charge, methanotrophs and other bacteria can ensure the
coexistence of different animal species in the bathypelagic
zone of Lake Baikal [47].

It is worth noting that microorganisms involved in the
sulfur cycle were present in the microbiomes of the studied
animals. As a rule, elevated concentrations of sulfate ions
are observed only at the sites with the discharge of mineral-
ized gas-containing fluids [11]. Outside these sites, in the
sediments and water column of Lake Baikal, concentrations
of sulfate ions are less than 5-10 mg/l, and the concentra-
tion of hydrogen sulfide is below the sensitivity threshold of
the methods applied [48]. In the near-bottom water of Lake
Baikal, the SOX oxidation pathway was mainly observed
[16], whereas the presence of the SOX genes was typical of
symbionts of the animals from vents [49].

In marine ecosystems, nematodes form symbiotic rela-
tionships with sulfur-oxidizing bacteria located on their
cuticle. Although we did not identify epibiotic consortia on
the skin of the studied animals, the oligochaete microbiomes
were composed of chemo-myxotrophic colorless sulfur bac-
teria of the genera Thiothrix and Thioploca (Site 2 and 3,
respectively), as well as chemoautotrophic purple sulfur bac-
teria of the family Chromatiaceae (Site 3). Bacteria of the
genus Thiothrix have a symbiotic relationship with amphi-
pods [9] and Kiwa hirsuta deep-sea crabs [4] and serve as
their food source. It is likely that the colorless sulfur bacteria
of the genera Thioploca and Thiothrix protect animals from
the toxic effects of hydrogen sulfide. The Thiotrichales epis-
ymbionts are able to fix carbon in the absence of electron
donors, using intracellular sulfur globules [33]. It cannot be
excluded that colorless sulfur bacteria are also food for the
Baikal oligochaetes, and this may explain their high density
at the site with microbial mats [12, 36].

The microbiomes of all species of the studied animals
also contain of microorganisms involved in the nitrogen
cycle. As shown Baikalian Thioploca is characterized by
a light 8'5N signature, because of its active metabolism of
mineral nitrogen during nitrate respiration [50]. The pres-
ence of various bacteria, including methanotrophs, in the
sheaths of Thioploca and a light §'3C signature are evi-
dence of methane carbon consumption. In the oligochaete,
bacteria involved in the nitrogen cycle were firstly bacte-
ria of the phylum Planctomycetes were firstly bacteria of
the phylum Planctomycetes, some members of which can
carry out anaerobic ammonium oxidation to nitrogen and
can degrade hydrocarbons produced by phytoplankton [51].
Second, chemolithotrophic archaea of the phylum Thaumar-
chaeota are also involved in nitrogen cycling and can carry
out aerobic ammonium oxidation to nitrogen. Thaumarchaea
are ubiquitous, found in the water columns of oligotrophic
lakes [31] as well as in symbiotic relationships with sponges,
corals and ascidians, where they utilize ammonium and pro-
vide a detoxification mechanism for tissues [52]. Also, they
produce cobalamin, the precursor to vitamin B12, for shar-
ing with other organisms [31]. In addition, archaea can be
the basal producers in the food chain due to their ability to
scavenge dead cells [53]. Thaumarchaea have been detected
within the food vacuoles of ciliates and dinoflagellates [31].

Figure 5 shows the diversity of microorganisms associ-
ated with various taxa of Baikal animals, taking into account
possible symbioses (the presence of symbionts among the
closest homologs, as well as their presence or absence in
the sediments and water). A comparative analysis of the
taxonomic composition of microorganisms indicates a
wide spectrum of microorganisms associated with animals.
The nematode microbiomes are the most diverse. It is also
evident that the studied animals do not completely depend
on the activity of symbionts. The bulk of microorganisms
detected in the microbiomes of the animals were found in
the communities of the bottom sediments and water column
of Lake Baikal. In the animals of the same species from
different sites, we recorded different numbers of taxa and
accompanying microorganisms. The members of the phyla
Bacteroidetes and Firmicutes identified in the microbiomes
of nematodes, chironomids, and bathynellids were similar to
the sequences of the symbiotic bacteria identified in various
insects and animals.

Conclusion

We think that microorganisms identified in the animal
microbiomes and studies ecotype can be considered as food
sources, rather than as symbionts. In general, the micro-
biomes of studied benthic invertebrates from Lake Baikal
consist of microorganisms that are capable of independent
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existence in the environment and can contribute to the split-
ting of complex compounds.
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